Abstract: Aging explained >45% of the variability in beef tenderness, whereas electrical stimulation explained >12%. The effect of electrical stimulation was significant for calf-fed steers up to 27 d of aging. However, this effect did not persist beyond 6 d of aging for yearling-fed steers. However, electrical stimulation prevents cold toughening in lighter, leaner carcasses.
Introduction
Electrical stimulation is a well-known technology currently used in Canada, which has been reported to reduce tenderness variation in beef cattle (Savell et al. 1978) . The benefits of electrical stimulation on meat tenderness can be explained by several mechanisms, including prevention of cold toughening by faster postmortem pH drop, calpain-induced proteolysis, and physical muscle damage (Dransfield 1992; Huff-Lonergan et al. 1995; Koohmaraie 1996; Simmons et al. 2008) .
The beef industry has become concerned regarding the efficacy of electrical stimulation in improving tenderness as beef carcass weight and fatness increase (López-Campos et al. 2012) . As carcass weight and fat thickness depend on numerous production factors, such as genotype, production system (age and diet), or growth promotants, all these factors may show interactive effects with the use of electrical stimulation in beef carcasses. In addition, previous results have demonstrated that aging time has the largest impact on beef tenderness when compared with other pre-and postmortem factors, such as breed, production system, growth promotants, or carcass suspension.
Consequently, the objective of this study was to determine both the efficacy and the relative contribution of electrical stimulation on beef tenderness compared to other production and processing factors, as well as their potential interactions.
Materials and Methods
All dietary treatments and experimental procedures were approved by the Lacombe Research Centre Animal Care Committee (Lacombe, AB, Canada), according to the guidelines from the Canadian Council on Animal Care (CCAC 2009). The management of the animals has been previously described in detail by Juárez et al. (2012) . Briefly, 112 steers (4 breed-crosses: >75% Continental, 50-75% Continental, 50-75% British, >75% British) were arranged in a 2 × 2 × 2 factorial experimental design including production system (12-13 mo, grain finished calf-fed vs. 18-20 mo, grain finished yearling-fed), implant (not implanted vs. implanted with 200 mg progesterone and 20 mg estradiol benzoate at weaning followed by 120 mg of trenbolone acetate and 24 mg estradiol after every 80-90 d interval until slaughter), and β-adrenergic agonist (no ractopamine vs. 200 mg ractopamine head −1 d −1 for 28 d before slaughter). Steers were slaughtered at the AAFC Lacombe Research Centre federally inspected research abattoir following commercial practices when animals reached a constant back fat thickness of 8-9 mm determined by ultrasound. After slaughter, hot carcass weight was measured and high voltage stimulation was applied to the right side of the carcass after splitting (∼40 min postmortem) via a manual probe inserted into the ligamentum nuchae, using a Koch-Britton Stimulator (Koch-Britton, Kansas City, MO; 470 V, 60 Hz, 1.5 A for 1 min). Temperature loggers (Mark III, MC4000, Sumaq Wholesalers, Toronto, ON) were used to track temperature decline at the center of the longissimus muscle in both sides of the carcass, and pH was measured at 45 min and at 24 h postslaughter (at the 6th/7th thoracic) using a Fisher Scientific Accumet 1002 pH/temperature meter equipped with an Orion Ingold electrode (Ingold Messtechnik AG, Udorf, Switzerland), as reported by Tullio et al. (2014) . The carcasses were chilled at 2°C overnight for 24 h. At 24 h after slaughter, the longissimus muscles from both carcass sides were removed. Controlling for location effects, longissimus muscles were fabricated into steaks in order to analyze instrumental and sensory tenderness at 2, 6, 13, 21, and 27 d after slaughter. Samples were also used to evaluate sarcomere length and collagen content using methodologies described by Juárez et al. (2012) . Briefly, steaks were grilled (Garland Grill ED30B, Condon Barr Food Equipment Ltd., Edmonton, AB) to an internal temperature of 71°C. For shear force evaluation, steaks were transferred to a 1°C
cooler for 24 h, and then six cores, 1.9 cm in diameter and parallel to the fiber grain, were analyzed using a TA-XT Plus Texture Analyzer equipped with a WarnerBratzler shear head at a crosshead speed of 20 cm min
(Texture Technologies Corp., Hamilton, MA). To measure sarcomere length, 2 g of muscle freed of fat and connective tissues were removed, scissor-minced, and mixed in 20 mL of a 0.02 M EGTA/0.25 M sucrose solution and homogenized for 10 s at 6000 rev min −1 . One drop of each sample was placed on a slide with a cover slip for observation with an Axioscope (Zeiss, Germany). Three sarcomere lengths were measured per image. Soluble and insoluble collagen contents were quantified by determination of the hydroxyproline content. The factor 7.52 was used to convert the hydroxyproline content to the soluble collagen content and the factor 7.25 was used to convert to insoluble collagen content. For sensory evaluation, attribute ratings from trained panelists (eight members) were electronically collected with Compusense 5, release 4.6 computer software (Compusense Inc., Guelph, ON) using an 8-point descriptive scale for initial and overall tenderness (1 = extremely tough; 8 = extremely tender).
Statistical analyses were developed using the MIXED model Covtest procedure of SAS (SAS, 2003) , including the individual ante-and postmortem factors and their interactions. The degree of fatness, nested within treatments, was used as a covariate. The adjusted multiple R 2 was calculated, as described by Juárez et al. (2012) . Individual factors were then removed from the model, and the decrease in the R 2 value was used to calculate the relative contribution of a given factor on the variability observed for each measured trait. Main effects and interactions that explained >5% of the variability for any of the variables were included in the tables. Least-squares means were generated for the over time interaction between the production system and electrical stimulation (P < 0.05), and a PDIFF test was used for means separation.
Results and Discussion
The variability explained by the model (Table 1) for instrumental tenderness (R 2 = 0.72), as well as for Note: Only interactions explaining >5% for any trait are reported.
both sensory initial (R 2 = 0.65) and overall tenderness (R 2 = 0.68), was mainly due to the postmortem aging process (50.0, 47.0, and 45.1%, respectively). Electrical stimulation was the second most influential factor, explaining >12% of the variability for all three instrumental and sensory tenderness traits. The interaction between the production system (calf-fed vs. yearling-fed) and electrical stimulation also explained ∼5% of the variability in shear force and overall tenderness. The production system and its interaction with electrical stimulation were responsible for 5.2 and 5.3% of the variability in shear force, respectively. Another important factor was sire (nested within breed-cross), explaining >8% of the variability in these traits. The effect of the implant strategy was higher in sensory traits (8.1 and 6.1% for initial and overall tenderness, respectively) than in shear force (1.9%). The effect of β-adrenergic agonist was minimal (<1%) for all three variables. In a previous study by Juárez et al. (2012) , using the same experimental design but with carcass suspension as the early postmortem intervention, similar results were reported for shear force values and sarcomere length. Regarding sensory traits, the effect of aging was lower and the effect of the suspension treatment and its interaction with aging was higher than observed when electrical stimulation was used. Aging, suspension, and their interaction together explained >65% of the variability in instrumental and sensory tenderness. In the case of altered suspension, rigor sarcomere shortening decreased due to aitch bone suspension, increasing tenderness and reducing the effect of proteolysis during aging on meat texture (Koohmaraie 1996) . In the present study, the interaction between aging and electrical stimulation was significant (P < 0.05), but it did not explain >5% of the variability of any of the studied traits (data not shown). Furthermore, electrical stimulation had no effect (P > 0.05) on sarcomere length and percentage of soluble collagen (average: 1.82 ± 0.03 μm and 6.72 ± 0.42%, respectively, data not shown).
Electrical stimulation prevents cold toughening after slaughter by accelerating the pH fall (24 h pH = 5.56 vs. 5.67 for stimulated and control carcass sides, respectively, P < 0.001) and, consequently, reduces the need for an extended aging process to resolve the rigor contraction (Simmons et al. 2008) . Calpain-induced proteolysis and physical muscle damage have also been suggested as part of the mechanism involved with the lower shear force values observed in meat from electrically stimulated beef (Dransfield 1992 ; Huff-Lonergan et al. 1995; Koohmaraie 1996). Similar to altered carcass suspension , further proteolysis during aging decreased differences over time (shear force = 4.06 vs. 4.96 kg for electrical stimulation and control, respectively). Figure 1 shows the interaction between the production system and electrical stimulation (P = 0.012) at different aging times (2, 6, 13, 21, and 27 d of aging). Electrical stimulation resulted in lower (P < 0.05) shear force in beef from calf-and yearling-fed production systems after 2 d of aging with a greater effect on meat from calf-fed steers. Six days after slaughter, the differences in shear force between meat from control and electrically stimulated carcasses had disappeared for the yearling-fed production system (P > 0.05). However, the effect of electrical stimulation on calf-fed carcasses was significant (P < 0.05) up to 27 d postmortem. Similar effects were observed on initial and overall tenderness (data not shown). Carcass weight and composition are both important factors determining the chilling rate (average calf-fed production system carcass weight = 250 kg; grade fat = 11.4 mm; average yearling-fed animals carcass weight = 326 kg; grade fat = 13.3 mm). Cold toughening occurs when meat temperature falls below 8-10°C while the pH is above 6 and is more common in carcasses with thin fat covering (Dikeman and Devine, 2014) . Heavier and fatter carcasses decrease the chilling rate because of greater amount of insulation or because of an increase in total mass (Savell et al. 2005) . Indeed, in the present study, longissimus muscle temperatures at 10 h postmortem averaged 8.9 and 9.8°C in calf-fed and yearling-fed carcasses, respectively.
Thus, leaner/lighter carcasses undergoing rigorous chilling would show greater benefit from electrical stimulation (Savell et al. 1978) . Electrical stimulation was developed in the 1970s and 1980s, when 350 kg carcasses were considered heavy carcasses. However, carcass weights have continued to increase since that time; in Canada, typical carcass weights for steer carcasses increased from ∼260 kg in 1970 to 390 kg in 2011 (Romahn 2012) . In addition, beef carcasses in Canada have shown an increase in fatness during the last 10 years . Under the same chilling conditions, these changes in carcass weight and fatness may lead to reduced cold toughening, limiting the overall effect of electrical stimulation on the final tenderness of beef.
Based on results from the present study and previous literature, electrical stimulation can reduce the variability in beef tenderness in light carcasses by preventing cold toughening. Its efficacy using electrical conditions similar to the present study may be limited in heavy carcasses. As beef carcasses in Canada are getting heavier and fatter, the impact of industry electrical stimulation conditions on Canadian beef tenderness should be re-evaluated. Further research should focus on potential changes in the parameters used to electrically stimulate carcasses to increase the efficacy through alternative mechanisms (for example, physical damage to the connective tissue) and to recommend practical thresholds for carcass weight and fatness at which electrical stimulation loses efficacy.
